The structural and electrical properties of lanthanum copper oxide were examined as a function of Sr addition. It was observed that the lanthanum oxide and copper oxide formed La 2 CuO 4 with K 2 NiF 4 structure when the powder mixture was heated at 800°C in ambient pressure. Interestingly, the samples of Sr-doped (15∼25%) lanthanum copper oxides showed single perovskite-based phase after being heated at 800°C. Without Sr addition, a single-perovskite phase of lanthanum copper oxide was observed only under the oxygen pressure as high as 65 kbar. The stabilization of perovskite structure in lanthanum copper oxide was effectively achieved by the addition of Sr. Based on the titration analysis and pertinent defect reactions, the enhancement of perovskite stability was due to the presence of trivalent copper ions that were created to balance the electrical charge of doping ion (Sr La Ј). With the increasing concentration of trivalent copper ions (or electron holes equivalently) in Sr-doped samples, lanthanum copper oxide also changed from a semiconductor to metallic conductor. When the Sr dopant exceeded its solubility limit of approximately 25% in the A-site sublattice, the Sr-rich second phases, La 2 SrCu 2 O 6 and Cu 2 SrO 3 , appeared and suppressed the electronic conduction drastically.
I. INTRODUCTION
Lanthanum copper oxides have been considered as potential superconducting materials although the superconductivity has not been obtained. Under the ambient pressure, the stable compound of lanthanum copper oxides is La 2 CuO 4 with K 2 NiF 4 structure. The K 2 NiF 4 structure consists of perovskite layers with alternating rock-salt layers. La 2 CuO 4 exhibits p-type semiconducting behavior. 1, 2 It has been reported that Sr-doped La 2 CuO 4 or La 2-x Sr x CuO 4 (x ‫ס‬ 0.15∼0.20) showed superconducting behavior based on the measurement of ideal diamagnetism at the temperature as high as 40 K. 2, 3 The addition of Sr also enhances the stability of the tetragonal K 2 NiF 4 structure although the superconducting behavior only occurred in the distorted K 2 NiF 4 phase. In addition, lanthanum copper oxides may crystallize in a complete perovskite structure with a formula of LaCuO 3-␦ when processed at high oxygen pressure.
LaCuO 3-␦ was first prepared by Demazeau et al. 4 at 900°C and 65 kbar. It was indexed as a rhombohedrally distorted perovskite. The oxygen stoichiometry of LaCuO 3-␦ exists with ␦ ranging from 0 to 0.5 under various oxygen partial pressures. Accordingly, the crystal structure of LaCuO 3-␦ also changes from tetragonal, monoclinic to orthorhombic. 5, 6 The conduction behavior of LaCuO 3-␦ oxides changes from an insulator to metallic conductor as ␦ varies from 0.5 to 0. The conductivities of LaCuO 3-␦ significantly improve from 10 −6 S/cm to 1000 S/cm as ␦ decreased from 0.5 to 0.0, although the superconducting behavior was not observed. 7, 8 The nonstoichiometry of LaCuO 3-␦ perovskite suggests that oxygen vacancies may be present in a wide range from 0% to 16.7%. Considering its high conductivity and available oxygen vacancies, LaCuO 3-␦ may be used as a catalyst or electrode for electrochemical reactions. However, in the previous study it was reported that LaCuO 2.5 of CaMnO 2.5 structure was obtained at ambient pressure by low temperature reduction of LaCuO 3-␦ prepared at high pressure. 9, 10 Nonetheless, the synthesis of LaCuO 3-␦ under high oxygen partial pressure is not suitable for practical applications. An effective and simple way to process LaCuO 3-␦ is desired.
In many conducting oxides, the addition of aliovalent dopants is the key factor in changing the structural and electrical properties. [11] [12] [13] [14] Several Sr-doped lanthanum copper oxides have been reported to crystallize in an oxygen-deficient perovskite structure. ohm-cm, respectively. 17 Due to its superior electrical property, the perovskite La 1-x Sr x CuO 2.5-␦ has been investigated as a potential cathode material for solid oxide fuel cells. 18 For such a high-temperature application, the structural stability and electrical properties of the material are extremely important. Although it may seem obvious that Sr addition affects the crystallization and electrical conductivity of lanthanum cuprate perovskite, the role of Sr on the structural and electrical properties of Sr-doped lanthanum copper oxides has not been thoroughly studied. It is believed that the electronic defects created by Sr addition have a strong influence not only on the structure evolution/phase transformation but also on the electrical conductivity. Therefore, in this study, various amount of Sr was added into lanthanum copper oxide based on the formula of La 1-x Sr x CuO 2.5-␦ . The crystal structure was characterized as a function of Sr concentration using x-ray diffraction. The valence of Cu was determined using iodometric titration. Electrical conductivity of various Sr-doped lanthanum copper oxides was measured using the four-point-probe direct current (dc) technique. Finally, the effects of Sr addition were examined and discussed in light of defect chemistry.
II. EXPERIMENTAL

A. Sample preparation
Samples of La 1-x Sr x CuO 2.5-␦ powder were synthesized by conventional ceramic processing. In the preparation of samples, appropriate amounts of La 2 O 3 , SrCO 3 , and CuO were mixed and ball-milled in ethanol solution for 24 h. After being dried, the powder mixture was then calcined at 800°C for 24 h in air and sintered at 960°C in air.
B. Characterization
XRD analysis
The crystal structure of the samples were examined by x-ray powder diffraction (XRD) at room temperature with Cu K␣ radiation, and the scanning rate was at 2°/min. The lattice parameters were determined by using Si as an internal standard with a scanning rate of 0.2°/min.
Scanning electron microscopy and energy-dispersive x-ray spectrometry
The microstructures including grain structure and surface morphology of the sintered samples were observed using field-emission scanning electron microscopy (FE-SEM) (Model S4200, Hitachi), Tokyo, Japan. The surfaces of sintered samples were fine polished using 0.3-m diamond paste. The polished samples were thermally etched at 880°C for 2 h. Subsequently, the etched samples were inserted into the FE-SEM for observation. Energy dispersive x-ray spectrometry (EDS) was performed on the surface of samples to semiquantitatively estimate the chemical composition of the phases present.
Iodometric titration
Iodometric titration was used to determine the oxidation state of Cu ions. After being pulverized and dried at 110°C for 1 h, the powder was then sieved through a 200-mesh screen. Then, about 0.06 g of calcined powder was weighted and placed in a 100 mL Erlenmeyer flask, filled with flowing N 2 gas, and then mixed with 1 g of KI powder. Subsequently, the sample was dissolved in 10 mL of 8 N HCl. For the determination of Cu 2+ ions, as the second step, KI was added after all Cu 3+ ions were reduced by HCl. Finally, the solutions of both first and second step were titrated with 0.02 N Na 2 S 2 O 3 to a starch end point. 19 
Conductivity measurement
Due to the high conductivity of doped lanthanum copper oxides, the electrical conductivity was measured using the four-point-probe dc technique at various temperatures up to 800°C. Bar-shaped specimens with a dimension of 5 × 5 × 40 mm (height × width × length) were prepared by die-pressing followed by cold isostatic pressing under the pressure of 200 Mpa. Platinum paste was applied on the cross-section surfaces (5 × 5 mm) connected with Ag wires. Two more Ag wires were connected to samples at 3 mm away from both ends and used as the voltage probes. After applying a source of constant current, the conductivity of the measured sample was determined from the voltage drop across the voltage probes, the current applied and the geometric factor. Based on the XRD analysis shown in Fig. 2 , a single tetragonal phase was observed when x fell in the range between 0.2 and 0.25. However, a small amount of a secondary phase was presented when the concentration of SrO was up to 30%. When the concentration of Sr increased to more than 35%, the secondary phases La 2 SrCu 2 O 6 (JCPDS:83-1839) and Cu2SrO3 (JCPDS: 39-0250) appeared from La 1-x Sr x CuO 2.5-␦ perovskite matrix. Table I summarizes the lattice parameters a, b, c, the unit cell volumes, and ␦ value of the La 1-x Sr x CuO 2.5-␦ phase of the samples. The volume of the tetragonal perovskite unit cell decreased with increasing strontium content when 0.2 ഛ x ഛ 0.25. Apparently, the crystal structure of La 1-x Sr x CuO 2.5-␦ obtained is highly dependent upon the amount of Sr addition. Furthermore, the Sr addition may also affect the concentration of electronic defects in lanthanum copper oxide. In La 1-x Sr x CuO 2.5-␦ , Cu is the only cation that may vary its valence and affect the crystal structure. 21, 22 Therefore, the dependence of Sr addition on the Cu valence as well as the structure variation was examined using Cu titration analysis. Figure 3 shows the scanning electron microscopy (SEM) micrographs of sintered samples of (a) undoped and (b) 20% Sr-doped lanthanum copper oxides. For undoped lanthanum copper oxides, two different phases were observed. Based on the EDS analysis, the composition of the matrix phase A is close to La 2 CuO 4 . The average grain size for phase A is 3∼4 m. The dark phase B was found to be CuO. Figure 3(b) shows the micrograph of 20% Sr-doped lanthanum copper oxides. A single-phase microstructure with the average grain size of 3∼4 m was observed. These results show good agreement with the XRD analysis.
B. SEM microscopy and EDS microanalysis
C. Titration analysis of Cu
The valence and the concentration of Cu were determined by iodometric titrations. Fig. 4 . When the Sr content increased from 10% to 25%, the concentration of Cu 3+ also increased linearly from 3% to 18.5%. When the concentration of SrO added increased from 30% to 40%, the concentration of Cu 3+ , however, decreased from 19% to 8%. From the results of Cu titration, it is clearly shown that the valence change of Cu ions was induced by the addition of Sr ions into lanthanum copper oxides. Such phenomena can be explained by considering the appropriate defect reaction as shown below.
D. Defect reaction for Sr addition
To use a defect equation to illustrate the incorporation of Sr ion into lanthanum copper oxide, a lanthanumbased perovskite needs to be considered first. When the A cation site is occupied by the trivalent La ion in an ABO 3 perovskite structure, the B site should be occupied by a trivalent ion. Thus, in the following discussion, the normal B site was assigned to a trivalent cation. Theoretically, in lanthanum strontium copper oxide, both divalent strontium and copper ions need to be considered as the aliovalent dopants of LaBO 3 perovskite. Thus, the following two defect reactions may be used to describe the addition of SrO and CuO into the LaBO 3 lattice depending upon the defects generated for charge compensation
In the above defect reactions, Kröger-Vink notation was used. For instance, Sr La Ј represents the substution of Sr for La cation sublattice, and Cu B Ј indicates that the divalent copper ions is located at the trivalent B-cation sublattice. Also, V O •• represents the oxygen vacancy with two positive charges.
In reaction (1), the negative charges of Sr La Ј and Cu Cu Ј are compensated by oxygen vacancies and electron holes that may associate with Cu 2+ ions and become Cu 3+ . In reaction (2), Sr La Ј and Cu Cu Ј are only compensated by electron holes without the formation of oxygen vacancies. In this case, every addition of a Sr ion should create two trivalent copper ions. According to the results of the previous titration analysis, it was found that the defect reaction (1) is the adequate one because [Cu 3+ ] is close to the concentration of Sr ions instead of twice [Sr] . As seen in the following sections, the presence of Cu 3+ significantly affects both the structural and electrical properties of Sr-doped lanthanum copper oxides.
Oxidation state of Cu
As shown in Fig. 1 , the crystal structure of Sr-doped lanthanum copper oxide, expressed as La 1-x Sr x CuO 2.5-␦ , varied from the La 2 CuO 4 /CuO mixture, orthorhombic, to the single tetragonal phase. The structure evolution of Sr-doped lanthanum copper oxide may be attributed to the variation of the oxidation state of Cu.
Assuming La 2 O 3 and CuO to crystallize in a perovskite structure, two formulas, LaCuO 2.5 and LaCuO 3 , are applicable depending upon the valence of Cu ions being +2 or +3. However, when undoped La 2 O 3 and CuO are heated in air, the absence of the perovskite phase suggests that the presence of divalent Cu ions at the B-sites of the lanthanum copper oxide perovskite lattice would not stably support a perovskite structure because of the repulsion from negatively charged oxygen ions. Instead, La 2 O 3 and CuO formed La 2 CuO 4 where the Cu ion remains divalent.
After Sr was added into the mixture of La 2 O 3 and CuO, La 2 CuO 4 was no longer present and converted to orthorhombic or tetragonal La 1-x Sr x CuO 2.5-␦ depending upon the concentration of Sr. As both orthorhombic and tetragonal structures can be viewed as a distorted and enlarged perovskite, the formation of these structures indicates that the stability of lanthanum copper oxide perovskite was enhanced by the addition of Sr. From reaction (1), the addition of Sr tends to increase the concentration of trivalent copper ions which results in the reduction of oxygen repulsion. Therefore, the stability of the Sr-doped lanthanum copper oxide perovskite was enhanced by a reduction of oxygen repulsion.
In the 15% Sr-doped lanthanum cuprate, The lattice parameters of the orthorhombic unit cell can be related to the standard perovskite as a ≈ 2√2 a p , b ≈ 2√2 a p , and c ≈ a p , where a p is the parameter of a perovskite subcell. The distortion and superlattice nature of this orthorhombic structure is, however, caused by the presence of numerous oxygen vacancies in the perovskite lattice. As more Sr was added into lanthanum copper oxide, more trivalent copper ions were obtained. Consequently, the stability of the perovskite was further enhanced. Thus, a more symmetrical tetragonal structure with a ≈ 2√2 a p and c ≈ a p , was obtained. In Fig. 5 , the lattice parameters decreased with increasing strontium content. On the other hand, the volume of the perovskite subcell also decreases from 455.4461 Å 3 to 454.7522 Å 3 as the Sr addition increased from x ‫ס‬ 0.2 to 0.25. The smaller lattice also suggests that more Cu 3+ ions were created and a higher stability was obtained.
Phase separation caused by excess Sr addition
As the addition of Sr exceeded more than 30%, from XRD analysis, the phases present were perovskite phase, La 2 SrCu 2 O 6 , and Cu 2 SrO 3 . It is known that LaCuO 3-␦ with the presence of Cu 3+ only exists under very high oxygen partial pressure. In La 1-x Sr x CuO 2.5-␦ , although Cu 3+ can be induced by Sr addition, the maximum concentration of Cu 3+ is still limited by the extent of Cu oxidation allowed in air. 16 Unless the partial pressure of 
E. Effect of Sr dissolution on conductivity and conduction mechanism
Considering the possible application of LSCu as an electrode for an intermediate temperature solid oxide fuel cell material, the electrical conductivities of La 1-x Sr x CuO 2.5-␦ (x ‫ס‬ 0.0∼0.4) samples were measured from room temperature to 800°C and plotted as a function of the reciprocal of absolute temperature and are shown in Fig. 6 . Without the addition of strontium oxide, the conductivity of the undoped sample with dual phases of La 2 CuO 4 and CuO exhibits semiconducting behavior. 23 Its conductivity increased from 1.86 × 10 −4 S/cm to 55 S/cm when the sample was heated from room temperature to 800°C. After Sr was added into lanthanum copper oxide, the conductivity of La 1-x Sr x CuO 2.5-␦ (x ‫ס‬ 0.1∼0.25) drastically increased to 260∼680 S/cm at 800°C and showed the metallic conducting behavior. When the conductivity at room temperature, 200°C, 400°C, 600°C, and 800°C was plotted as a function of Sr concentration (Fig. 7) , a maximum conductivity was observed when [x] ‫ס‬ 0.25. It is apparent that the conductivity of lanthanum copper oxide was also drastically enhanced by the addition of Sr.
According to reaction (1), the number of electron holes in Sr-doped lanthanum copper oxide is fixed by the addition of Sr. 24, 25 Based on the electronic structure model of perovskite oxides suggested by Torrance et al., 25 the unfilled Cu-3d and the filled O-2p bands overlap and form a Cu-O-Cu band. Thus, the transport of charged carriers can occur in the hybrid band and exhibits the behavior of a metallic conductor. [26] [27] [28] In a metallic conductor, the charge carriers have frequent collision with the lattice ions as the concentration of charge carriers is high (fixed by the dopant). As the temperature increases, the lattice vibration rapidly increases. As a result, the mobility of charge carriers will be suppressed at high temperatures. Therefore, a positive slope was obtained when an Arrehenius plot of conductivity was plotted as the reciprocal of absolute temperature as seen in the case of Sr-doped lanthanum copper oxide (Fig. 6) . Due to the creation of electronic defects caused by Sr addition, the dissolution of Sr into the lanthanum cuprate perovskite does not only enhance the conductivity but also completely changes the conduction mechanism from semiconducting to metallic conducting behavior.
When the addition of Sr increased from 25-40%, the conductivity significantly reduced from 2000 to 200 S/cm at 800°C. As discussed previously, the decreasing ratio of because of the formation of La 2 SrCu 2 O 6 and Cu 2 SrO 3 . Consequently, the concentration of electron holes in 40% Sr-doped sample was significantly reduced and the corresponding electronic conduction was suppressed dramatically.
IV. CONCLUSIONS
An undoped mixture of La 2 O 3 and CuO could not crystallize in a perovskite structure when heated at 960°C in air. On the contrary, a perovskite-based structure was obtained when 15%∼25% Sr was added into the mixture. From the titration analysis and appropriate consideration of defect reactions, it is concluded that the concentration of trivalent copper ions was enhanced to balance the charge of Sr La Ј in the Sr-doped samples. Consequently, the presence of Cu 3+ was able to stabilize the perovskite structure at the ambient pressure. The existence of Cu 3+ also changes the conduction behavior of lanthanum copper oxide from a semiconductor to a metallic conductor. The conductivity of the 25% Sr-doped sample was significantly enhanced to 2000 S/cm by the increased concentration of electron hole (or Cu 3+ ) compared with approximately 2 × 10 −4 S/cm of the undoped sample at room temperature. However, it is believed that a limited amount of trivalent copper ions was allowed in the perovskite lattice under the ambient pressure. When the addition of Sr ions exceeded this limit (∼25%), the secondary phases La 2 SrCu 2 O 6 and Cu 2 SrO 3 appeared. The conductivity was also drastically reduced to 200 S/cm due to the decreased concentration of electron hole (or Cu 3+ ) when 40% of Sr was added into the mixture.
